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INTRODUCI’ION

The developmentof ●ccelerator-drivenneutron sources provides advantages over fission
and !hsion neutron sources in terms of source accessibilityand control, but presents some unique
challenges regarding the selectionand use of structural and target materials. Many advantagesof
proposed systemslie in the f- that the neutron production is confutedto the target material or
the target material surrounded by a neutron multiplier. In some cofigumtionq for instance the
power-producingaccelerator transmutation of waste syswnL a fission-b-. multiplyingmedium
surrounds the target mgicmto produces additionalneutrons in a fission blanket. However, even
with the fission source present, the system is subcriticaland is easily shut down by stopping the
accekratordriven neutron supply.

Because of these attribute accelerator-drivenneutron systems are much different than
lment fission reactor systems and proposed fision reactor systems. In the case of fission .
reactom the most widely utilized designs light water reactors, operate at high pressures (from
1000 to 2200 psi dependingon the design)●nd moderate temperatures (-3 WC) for metallic (i.e.
non-fitel) components. These operating constraints, which are set by neutron moderation and
heat removal requirement%mean thst those systemsrquire large, thick section pressure vessels
which in turn restricts materials selection to medium yield strength steels with high ficture
toughnesses. The princpal safkty issue for those systems is related to the fixture resistance of
the pressure vessel,which is known to degrade with neutron irradiation,

Fusion systems designs are still not yet well enough established to uniquely quantifj
materials opmting constraints. Howmmr,major attention is beins directed to materials capable
of handling high intermittent heat fluxes. The first wall of the fision chamber must not only
provide ● hard vacuum seal, but also be able to conduct away large heat impulsesduring plasma
bum periodq and withstand large numbersof the ●ssociated thenml-mechanicalload cycles.

Accelerator-drivensystems tend not to be restricted by high pressure and in many cases
high temperature, except local to the target material,which serves only minor structural capacity.
This opens the possibilityof selectingfmm a muchwider group of materialsfor structural sewice
becsuse of the relatively less stringent requirements regarding potential fhtcture and high
temperature applications. Nevertheless,other stmctural materialselectionrestriction applydue to



the unique nature of the opm!ing environmentsin proposed accelemtor-dnven neutron sources.
These restriction will be dis:ussed hwe in lightof he understandingof materials pdkmamx in
similar spahtion neutron environment%and in fission nmtron and other spectra. The relevant
materialsdatabase is small,but some generalizationscan be drawn from existinginformation and
plans for the developmentof experimentalprogramsto start to acquire other rel~ant itiormation
can be drown.

PROBLEM DEFINITION

Materials selection for accelemtordriven neutron sources is highly dependent on the

influenceof the irradiation field on materialsproperties. It ix therefore, necesmy to examine●

number of open issues which affkt this performance, and for which significant ex@mmtd
programs have been developed to address these issues in fission md fkhi applications. The
major issues afkcting inadiation stabilitycan be Lstedas follows: 1. the initial●tom displacement
p- 2. the efficiencyof the damageproduction - survivingdefects and their conf@matio~ 3.
the agglomerationof defkcts into def~ clusterx and 4. defect cluster evolutionwith fluence,and
5. the irdhmnceof the numbers and nature of the defbct clusters on physical and mechanical
properties of the material. Due to the differences of the irradiating and secondary particle
energies tim high energy proton-inducedspallationsources, it is not immediatelyclear to what
extent presentunderstandingof these issues in fissionand fision applicationscan be extrapolated
to the spallationcase. In any case, other materials application issue~ such as strength fracture
resistanc~ corrosion resistance, etc. must also be accounted for in the selection process. This
helpsto deiine the number of potentialmaterialssystemsby time of t~lr use and applicaMityin
other similarsituations.

IRRADIATION DAMAGE AND TRANSMUTATION ISSUES

The field of irradiation damage has received much attention over the past 40 year%and
has resulted in a much better understandingof the role of point defect (e.g. interstitial, vacancies,
trwmutsnts) production migration and agglomeration on materials physical propetiies and
mechanicalpdomance. A wmpanion paper in this conferencedeals directlywith the calculatimt
of the ●tomic displacement crossections and their use for establishing the initial numbers of
defects produced given the neutron or proton energy spectrum [1]. Once the initial defkct
numbersare established,it is necessa~ to determinehow manysurvivethe initialquenchingphase
and in what form. Ilk is critical issue for comparison of radiation damage between fission,
fbsio~ and spsllation spectra. Again, much effort has been expended to addreas this issu~
particularlywith regard to the fission-fision correlation where a large pati of the fision mattials
imadiationperformance database has been developed in fast or mixed spectra fission reactors.
Three basic approaches have been used to try to bracket the problem: computer simulation
calculationsof displacementcascades and annealingeffects, direct observation of def~ clusters
by transmission electron microscopy, and comparisons of physical or mechanical propetiies
changes in various spectra (i.e. properties-properties correlations). The computer calculations
were first to indicate the potential for direct comparisonof damage stmctures in cascades due to
highlyenergetic incident particles [2]. This is because, above a certain incident particle energy,
the cascades ‘break-up”to form sub-cascades, where the sub-cascade size is nearly constant.
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● Thus higher energy incident particles form larger numbers of subcascader, but the aubscades
whichdo form are directly comparableto those formed through lower energy lcnmk-onsas long
as the -es are above the cut-off. Direct observation of this ●ffect has been made in certain
materials[3,4], md has also been confkned by properties-propertiescorrelations in other qstems
[S]. This comparabilityof cascade structure bodes well for allowinguseful mattials ~
data and trends to be obtainedfrom the large body of fissionirradiations.

One major diflkmnce between spallation-based sources and fission sources is the
difkrences in the amounts and types of transmutation produce= Many transmutation tiion
require ● threshold neutron ~ which is on the order of 2 to 10 MeV, usually above most
fission neutron energi~ but well within the range of twutron producwdin DT fusion or by
spallation. Particularconcerns havebeenexpressedregardingthe amounts of H and He produced
in materials systems under imadhion tith hlgh!y●nergetic incident particles. A good deal of
tiort has been put fonvard to assess the extentof this problemfor fimionapplications. Presently
opinions of the effbct vary since it is postulated that insolubleinert gasses, partidarly Hq will
sttiilized void formatiomand possiblycontribute to high temperature embrittlementby collection
alonggrain boundaries. Ewdenceto suppon this picture has been presented, but the extent of the
effkctseems not to be as damagingas first postulated. The production of these and other types of
transtnutantsin spdlation sources hss been investigated[6].

Based on the foregoing, it should be evident that previous materials investigationsand
appliiion experience for neutron environment uses provides a insight for spallation source
applicatio~ with caution.

MATERIALS PERFORMANCE AND SELECTION CRITERIA

Materials performance can be generalized by consideringvarious ranges of temperature
over which properties apply. Table I gives approximate chamcterizationsof issues of selection
whichare of concern over various temperature ranges. Since severalof the properties depend on
thermal activation and the mobility(or lack thereof) of point defects, the generalizationcan be
very usefidfor identifyingproperties whichcontrol materialsperformance.

Table 1. Temperature Regimes of interest and Associated Materials Performance
Concerns

No or low swelling
Embnttlement (Ductility)
Hardening(Strength)
Thermalcreep not a concern, tran.,:entirradiationcreep mayoccur
H embrittlementmaybe important
He effects maybe important
Irradiation-inducedprecipitation,segregationminimal
Comosionminorconcern
Fatigueand Crack Gro~h

0.3 Tm<T < (),s~

Swelling
Creep and IrradiationCreep
Hardeningand Embrittlement(Ductility)



H effkctsless than at low wrnreratu;e, H attack
He efkcts are impomnt
Imadiation-inclucedprecipitationand segregationare important
Corrosion im ortant

zFatigue and rack Growth

~
P

Smallerswelling but rate effbctsand He efkcts maycontribute
Hardening,ess concern
Ernbnttlcmentby radiation-inducedsegregationand He
Low mechanicalstrength
ll!”mnalcreep
HSU}corrosion rates

Based on several years of rcsearc~ developmentand applicationof a vtiety of materials
systems for neutron environment aevcral classes of alloys are worthy of consideration fm
spallationenvironments. Ti:eseara listed in Table 2.

Table 29 Classss of Materisds for Examination

Stswctural Matenala
Aluminumand Alloys
Fmitic and MartensiticSteels (Fe ●nd Fe-Cr base)
StainlessSI.eelsand High AlloyFe-NLCrMaterials
Zirconiumand Alloys
Vanadiumand Alloys
Titaniumand Alloys

Target Materials
Pb-Bi, Pb (liquidor solid)
High Z refractories and Alloys(W)
U and Alloys
Othe~ Th

Barrier and Coating Materials
Ceramics
Coatings/Cladding

Advanced Applications
Compositesfor ●nhanceradiationpeflonnance and NDE:
A1/SiC,SiC/SiC.C/C

The seiection ●nd use of barrier and roating materials, and the potential for US*of
advanced materials systems including metal-matrix and ceramic-matrixcomposites will not be
considereddirectly here. However, based on the time scale of the developmentof several of the
proposed accelerator-driventechnologim advance materials systems should be availablefor use
at the time of demo-scaleplant construction.



IRRADIATION PERFORMANCE OF POTENTIAL ST’RUCI’URAL MATERIMJ5

The irradktion performanceOf$evera!of the -Ctud m$ttiS are now presented with
ref!~ to their dutillity and limitationsby virtue of use or aperimental fi~ings in nautron
imdiation environnwnts. As will be clear, much of the characterizationof perfomunce is based
on hdiations in ● fission reactor neuron specm but limiteddata are also ~vailablefor exposure
in spallationneutron environments. The spalhtion -won irdiation experiawe is reviewd in
another pq% - in detail [7]. Attention will be directed here ● more general ovemiaw of the
performanceof certainclasses of materialsin nsutron atvironmenw

Aludmutt ad Allow

Aluminumand it alloys have been of interest fm nuclear applications since early tlssion
-tor designs. This material is low Z and has minimal activation problems. High strength
structural ailoys arc available, and arc used extensively in applications where high temperature
is not a concern. Tlm low melting point of Al and its alloys is the one significant drwback to
its use in energy conversion sys~ms where strength at moderately high temperature is
important.

!dost of the relevant high flucnce tadiation experktce at 55°C with aluminum alloy
6061 (T6 heat treatment) h available from the HF13Rat Bmckhaven reactor. A16061 is
ptipitation strengthened by Mg#i. The BNL experience parallels Oh cxperhetttal
imdiation work on that alloy. “~e principal finding of those studi?~is that the alloy continues
to strengthen but loose ductility under irradiation until dose of around Kl%crnzs arc reached
when the strengthening and ductility level out. The mechanical properties change. are
amdated with the thermal neutron transmutation reaction of Al + Si. The additional Mg
reacts with the Si to form further precipitates.

The main concern regarding the usc of precipitation strengthened aluminum alloys
under irradiation is the unresolved question regarding the stabilky of Mg2Si (or other)
precipitates during neutron versus proton irntdiation. One possibility is that tk dissolution
may be uniquely tied to ;he radiation-inducedcascade stricture where the mix of cascade size
and number of freely migrating defects affect the precipitate stability. The question of
precipitate stability under irradiation rquircs further consideration.

Table 3. Aluminum Allov Irradiation PerfonnnncF

A)loy Irradiation Comment Ret:
6061 mm BR-BNL ThermalII:A1-Si;plateauin prop. changes [:
6061 q nFrR Thermaln: A1-Si

I
!

5154 n Petten GB Mg Si embrittlemcnt
i

10]
6061 p,~ LAMPF Mg2Si issolution;de; me in strength 11]
6061,5054 p,m LAMPF Results similarto BNL -.ndORNL 12
6061 He-ions (Work not completed) 131
Others
~edmg Factors:

Limitedto low temperatureapplications(Tm = 660°C)
Influenceof thermal neutrons on Al + Si conversion
Influenceof highenergy neutrordprotonirradiation.panicularlyon precipitatestabilitv



Ferritk and Mahtensitic Steels

.

Certain ftitic and martensitic steels, HT-9 in particular. have bm shown to be highiy
radiation damage resistant. Some of this resistance has been explained to bc due to intrinsic
differenm in the prcpriies of body centered cubic (bee) versus face cmtmd cubx (fee)
alloys. llte ferritic martensitic ailoy HT-9 has been shown to be high resistant to swelling and
to have minimal changes in ductile brittle transition temperature (DBTT’)after extrndd. . .
mxhamms (> la dpa) at temperatures at and above ~°C. However, at temperature around
55°C, the same alloy has been shown to experience substantial shifts in DBIT due to mdiaiim
hadening [14,15].

Table 4. Selected Fe-Cr Alloys Imdiation Performance

Ailoy Imdiation Comment
Hr-9 Extensive Low swellingat400°Cto

3
highdoses ~>200dpa)

9Cr-lMo Extensive Similarto, but worse thai~ -9
other Extensive Manyother Fe-Cr ailoyshave been inwesti~ted

Low activation(for fusion)versionsare being deveioped
LeadingFactors:

Low temperature Perf&rnsnce
Ductiie - Brittle transition

Stainks Steeis ●nd High Ailoy Fe-Ni-Cr Materiais

A very large data base exists for austenitic stainless steels in fission reactor
qplications. These data are primarily for fast fission and fusion rwtctors with hard neutron
spectm. Reactors with a large thermai flux$8ueproblematic for high Ni alloys due to a iarge
absorption crossection, and the two step Ni(n,y)wNi, %i(n, a)fiFe reaction which can
produce copious amounts of He in large thermai neutron spectra with ail of the accompar.ying
problems due to He. Furk’more, activation of these alloys tends to be higher than other
acceptable classes of alloys. Because of this experience, austenitic stainless steels and other
high nickel Fe-Ni-Cr ailoys are oftm downplayed for nuclear application. However, because
of the familiarity with their use, and their dative ease of fabricability and joining, the often
end up as the material of choice.

It should be mentioned that certain Fe-Ni-Cr base ailoys have been of use in certain
_ anticipated for the ADTT concepts. In particular, Incmel 718 has been used ior long
perkls without problem as a beam window material at LAMPF. Inconel 718 is alsc use in
LWR fuei elements, that is high thermai neutron fluxes, for spring materials in the fuei pin
plenum region.

Tabie S. Imadiation Perforrnnnce Selected Fe-Ni-Cr Allov

Alloy Irmdintion Comment
316 SS Extensive Swells a l’%ddpabetween 375 and 525°C, after

about 20 dpa incubationdose
304 Ss Extensive similarto 316SS
Inconel718 &t&F, LWRS,

Other Extensive Manyother Fe-Ni-Cralloyshave been investigated.



The incubationdose for swellingi~s with Ni
content. Swelling is highly sensitive to small
amountsof alloyingekmen: additions.

Leadin Factors:
k gh He production in thermalneutron fluxes ●

High awellin ●t highdoses
JRadhtion-i uced segregmioninfluenceson aqueouscorrosion and stress

corrosion crackinfl

Zirconium ●nd Alloys

Zircatium and its alloys haVCa long standing history of use in water COOI* and
mderatd thermal fission reactor technology. The ptincipal IISeis as fbel cladding in LWR
applicatims, and for pressure tube and other stwtural applications in HWRs. The
p’formance of these alloys is well dmnnented. Some typical compositions and applications
are listed below.

Table 6. Selected Zirconium Allov Irradiation Performance

Alloy Application Comment

Zid: : BWR Cladding ExtensiveUse
PWR Cladding,IPNS U-clad ExtensiveUse

~i;s Nb COJIXJ Pressure Tube Material ExtensiveUse.
Zr-1Nb-1Sri-.lFe, PWR Cladding Now In Use

Zr-lNb Claddingin Eastern Block Countries
Ohzennite Claddin~in Eastern Blocli untries

Problems with zirconium and alloys have been established from extensive fabthation
and processing histories. Principal problems and solutions are shown below. Comparisons of
mechanicalproperties and corrosion perfonrmncehave been made [16].

Table 7. Zirconium Performance Problems and Solutions

Problem Solution

1. Hydride Embrittlement Control H content and texture in fabrication
Assure low H uptake in service (improves with Nb

2.
content)

RadiationGrowth Controlled by heat treatment during processing
3. I-induced SCC Stress contxion cmcking (SCC) can be induced by

interaction with fission product I. Th process is
sensitive to Lhe precipitate stmcturc m the alloy
which can be controlled through initial processing

4. Loss of ductility Radiation-induced strengthening and concomitant loss of

5. High T Reactions ~1.~

d“jctikty is common and k taken into account in
claddin~ design life calculations. Zirlo
composition my less sensitive to this problem than
the others.
showed that Zr rections with H20 and UQ

quickly produced Hz and other unwanted prducts



that lead 10 severe accident reactor safety i-.
This is not an issue for ADTI’ systems.

Corrosion compatibility with aqueous solutions is adequate. Relativ&y poor thermal
cmductivity of this materialshouldnot be a concernfor ADIT applications,exept perhaps
fw basketmwriah in a solid @let targetconfiguration.

Vanadium ad Alloys

Vtiium and several of ita alloys are of high interest fm fusion applicatiats d= to W
low dvation issues. However, vanadiumhs a w large thermaltransmutation ~
V+ Crwhich renders Vunsuitablefm mixdspectra~. Some of the AUIT
applications, particularlythe ATWconcept,relyon ● highlythermalizedneutron~m. In
those cases, the use of V-basedalloys may be precludeddue to the transmutationproblems.
Furthumore,swelling in V alloys and the increaseof ductile to brittletransitiontemperature
have ~ shownto be highly sensitive to alloying content. In particular, underskd solutes
present severe irradiation effects problems. PresentV alloy developmenthas focusd on a
compsirion near V4Ti-4Cr which -s to show good swelling resistance,and only small
incmses of DE’ITwith irradiation.Tkre are otherlimitationsfor the large scale use of this
alloy since thereis little or no experience with the production of large forgings or castings of
this mterial. Effoxtsare undenwayin the fusion progmm to address this issue.

Table 8. Imdiation Performance of Vanadium Alloys

Alloy Imdiation Comment

V4Ti4Cr FastReactor Lead candidatecompositionfor fision applications
several FastReactor Can control swellingand embrittlememby alloyingadditions

LeadingFactors:

3
e thermalcrossection for V + Cr

Hi sensitivityto swellingand segregationwith undersizedsolutes
Ductile- Brittle Transition.Low Fracture Toughness

Iltanium Alloys

‘Iitaniumalloyshave not been the focus of a large researcheffofl for neutron environment
application. Thu$ the understanding of the ptiormance of this alloys system in neutron
environmentsis limited. NwertheleS this class of materials has made a significantcontribution
to the aerospace and aircraft industry where stmctural demands arc also ●~treme and may have
potential for certain applicationsin AIYIl systems.[17]

TARGET MATERIAXAiSELECNON

There are seventl outstanding issues for potential target materials, particularly if solid
targets are adopted. Table 9 list potential materials and selection considerations.



Cmdidate!w ●

Pb-Bi, Pb (lquid or solid)
High Z rc.f=tories and Alloys (W)
U mtdAlloys
Others,Th

-
Liquid Metal:

Impurity(tmtsmutant) ●lement effects
No atructumldamage c!ueto irradiation

Salid:
Hiih dpah, ~SmUtiWK/S,
EmbrittIement
Coedng/cladding h compatibility
Energy Deposition and thermal/mechanicalcycles
Dimensional stability (U)
Transmutation/Activationeffects

The issue of target material selection is complex particularlydue to the requirements fu
efkient namronproduction and, for solid targets heat removal considerations. These issues are
beyond the scope of the present paper, and are presently
work.

SUMMARY

bang addressed in on-going resemch

This paper has presented an ovemiew of several aspects of materials selection and
potential canJdate materials classes primarily for structural application in accderatordriven
transmutationtechnologies On one hand, it is helpfblthat similaritiesand guidancecan br drawn
from the now vast irradiation damage and materials selection experience for fission am :~sion
systems. On the other hand, the fissionand fision exptience has shown tluu materialsselection
is compl~ and must be accounted for eariy in the design and developmentprocess. Due to the
complexity of the conditions and constraints for use, sufficient data for materials pdiorrnance
assessment is often lacking. Focused experimental programs also need to be directed ●t the
prototypicmateiialsperformancecharacterization●arly in the designand developmentprocess.
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